Obesity is a complex disease, and multiple genes contribute to the trait. The description of five genes (ob, db, tub, A y , and fat) responsible for distinct syndromes of spontaneous monogenic obesity in mice has advanced our knowledge of the genetics of obesity. However, many other genes involved in the expression of this disease remain to be determined. We report here the identification of an additional class of genes involved in the regulation of adipose tissue mass. These genes encode receptors mediating leukocyte adhesion. Mice deficient in intercellular adhesion molecule-1 became spontaneously obese in old age on normal mouse chow or at a young age when provided with a diet rich in fat. Mice deficient in the counterreceptor for intercellular adhesion molecule-1, the leukocyte integrin ␣M␤2 (Mac-1), showed a similar obesity phenotype. Since all mice consumed approximately the same amount of food as controls, the leukocyte function appears to be in regulating lipid metabolism and͞or energy expenditure. Our results indicate that (i) leukocytes play a role in preventing excess body fat deposition and (ii) defects in leukocyte adhesion receptors can result in obesity.
Intercellular adhesion molecule-1 (ICAM-1) is a wellcharacterized receptor with five immunoglobulin (Ig)-like extracellular domains, a transmembrane domain, and a short cytoplasmic tail (1) . ICAM-1 is expressed on leukocytes, endothelium, epithelium, hepatocytes, myocytes, and fibroblasts, and can be up-regulated by cytokines in all of these cell types (2) (3) (4) (5) . The primary cellular counterreceptors for ICAM-1 are the ␤2 leukocyte integrins, e.g., LFA-1 (␣L␤2, CD11a͞CD18) and Mac-1 (␣M␤2, CD11b͞CD18). LFA-1 is expressed on all types of leukocytes and binds to extracellular domain 1 of ICAM-1 (1) . In contrast, the expression of Mac-1 is restricted to monocytes͞macrophages, granulocytes, natural killer cells, and a subpopulation of T cells and it binds to domain 3 of ICAM-1 (1) . It has been recognized that through binding and interacting with LFA-1 and͞or Mac-1, ICAM-1 functions as a major cell-cell adhesion molecule in inflammatory and immune systems (2, 6, 7) .
As expected, mice deficient in ICAM-1 (ICAM-1 Ϫ͞Ϫ) have both inflammatory and immune defects (8, 9) . These include a decreased emigration of neutrophils in chemically induced peritonitis, reduced contact hypersensitivity, diminished ability of spleen cells to act as stimulators in mixed lymphocyte responses, and resistance to septic shock. Similarly, Mac-1-deficient (Mac-1 Ϫ͞Ϫ) mice exhibit defects in several neutrophil functions including adhesion to the endothelium, phagocytosis, and neutrophil apoptosis (10) . However, while experimenting with ICAM-1 Ϫ͞Ϫ mice and subsequently with Mac-1 Ϫ͞Ϫ mice, we recently noticed an unexpected new phenotype of these mice, i.e., obesity. Our data identify a novel function of leukocyte adhesion receptors, namely, regulation of body weight and adipose tissue mass.
MATERIALS AND METHODS
Animals. ICAM-1-deficient (ICAM-1 Ϫ͞Ϫ) mice used in our study were obtained by targeted disruption of exon 4 of the ICAM-1 gene (9) . These mice were originally on a mixed background (9) and were backcrossed four times to C57BL͞6J. The Mac-1-deficient (Mac-1 Ϫ͞Ϫ) mice, generated by targeted deletion of the exon encoding the signal peptide, were on a mixed C57BL͞6J ϫ 129sv background (10 Body Weight and Food Measurements. Mice were housed two to four per cage. Body weight was measured by the same individual every 2 weeks using a scale (Mettler-Toledo). To measure food consumption, a sufficient amount of food for 2 weeks was weighed and provided to the mice ad libitum. After 1 or 2 weeks, the remaining food was weighed and the difference divided by the number of mice per cage. The result was expressed as grams per mouse per 1 or 2 weeks for food consumption. Mean values per cage were used for comparison.
Quantitative Phenotype Measurements. Mice were fasted overnight prior to transport to the laboratory and collection of blood through retroorbital venous plexus. Glucose concentrations in total plasma were determined using the enzymatic assay according to the manufacturer's instructions (Sigma). Insulin was measured by a radioimmunoassay system (Linco Research Immunoassay, St. Charles, MO). Body mass index was calculated as body weight (g) divided by the square of the anal-nasal length (cm). The subcutaneous, inguinal, two intraabdominal (retroperitoneal and omental) white fat pads, and a brown fat pad located between the two scapulas were dissected and weighed. The internal organs including heart, liver, spleen, and kidneys were also removed and weighed.
Statistical Analysis. Data are presented as mean Ϯ SE of the mean. Statistical significance was assessed by Student's t test.
RESULTS
ICAM-1 ؊͞؊ Mice Spontaneously Become Obese Without an Obvious Increase in Food Intake. On normal chow diet, ICAM-1 Ϫ͞Ϫ male mice maintained a body weight comparable to wild-type animals until 16 weeks of age. Thereafter, we observed that ICAM-1 Ϫ͞Ϫ mice gained more weight than control mice (Fig. 1) . The difference in body weight between the two groups became highly significant starting at 20 weeks of age (P Ͻ 0.004). Despite the fact that ICAM-1 Ϫ͞Ϫ mice gained significantly more weight than controls, we found that consumption of chow food by both groups of mice was comparable at 16-24 weeks of age (20- Most of the excess body weight in ICAM-1 Ϫ͞Ϫ male mice was due to the increased weight of combined white fat pad ( Table 1 ). The excess 5.2 g of white fat (8.81 Ϯ 0.47 g in ICAM-1 Ϫ͞Ϫ mice vs. 3.66 Ϯ 0.36 g in wild-type mice, P Ͻ 0.0001) was composed predominantly of subcutaneous fat (54%). The weight of interscapular brown fat pad was also significantly increased in ICAM-1 Ϫ͞Ϫ mice ( Table 1 ). The weights of kidney, spleen, and heart in the 24-week-old ICAM-1 Ϫ͞Ϫ mice were similar to those of wild-type mice. However, ICAM-1 Ϫ͞Ϫ mice tended to have a slightly heavier liver (1.82 Ϯ 0.13 g vs. 1.53 Ϯ 0.09 g, P ϭ 0.06). Hematoxylinstained liver sections counterstained with oil-red-O revealed abnormal lipid deposits in the hepatocytes of ICAM-1 Ϫ͞Ϫ mice, suggesting that these mice develop fatty livers (not shown).
ICAM-1 ؊͞؊ Mice Demonstrate Increased Susceptibility to Obesity Induced by High Fat Diet. The regulation of body weight and composition involves input from both genes and the environment (11) . This is demonstrated, for example, by the variable susceptibility to obesity of inbred strains of mice when offered a high-fat diet (11) . Since genes involved in sensitivity to dietary obesity in mice have not been identified (12), we were interested in examining whether ICAM-1 Ϫ͞Ϫ mice were more sensitive to diet-induced obesity than control mice. To obtain this information, 7-week-old ICAM-1 Ϫ͞Ϫ and wildtype controls were fed a Western-type diet containing 21% fat. Both male and female mutant mice rapidly gained more body weight than controls (Fig. 2 A and B) . These results suggest that the ICAM-1 gene could contribute to reduced susceptibility of mice to diet-induced obesity. Despite gaining significantly more body weight, both male and female ICAM-1 Ϫ͞Ϫ mice consumed the same amount of Western-type food as controls for the length of the experiment ( Fig. 2 E and F ).
An interesting difference between male and female ICAM-1 Ϫ͞Ϫ mice in their capacity to regulate body weight gain induced by the Western-type diet was observed. After 6 weeks on a Western-type diet, the rate at which ICAM-1 Ϫ͞Ϫ male mice gained weight no longer exceeded that of the controls (Fig. 2C) . Therefore, the major difference in body weight between male ICAM-1 Ϫ͞Ϫ and wild-type mice was established after 6 weeks of Western-type diet intake. In contrast, female ICAM-1 Ϫ͞Ϫ mice gained more weight than controls for 14 weeks on the Western-type diet (Fig. 2D) . At 14 weeks, female ICAM-1 Ϫ͞Ϫ mice were 14.6 g heavier than controls, whereas males weighed only 7.6 g more than controls. Our results suggest that the ICAM-1-dependent mechanism of body weight regulation plays a more important role in female than in male mice. At the end of the experiment shown in Fig.  2 , the excess white fat in males was composed mainly of subcutaneous fat (56%). In females, the major component (64%) was intra-abdominal fat (omental ϩ retroperitoneal) resulting in prominent abdominal obesity (Fig. 3) . Intraabdominal fat has a higher correlation with fatty liver, hyperglycemia, and a higher associated risk of atherosclerosis than other fat depots (12, 13) . Such correlation may explain the increased liver weight and plasma glucose observed in females ( Table 2 ). Mice of both sexes and genotypes on the Westerntype diet had a significantly higher level of plasma insulin (Table 2 ) than those on chow food ( Table 1 ). The result is consistent with the fact that hyperinsulinemia develops in mice with high fat diet-induced obesity (12) . However, both wildtype and ICAM-1 Ϫ͞Ϫ mice on either diet tended to have similar levels of plasma insulin. This indicates that the higher level of plasma glucose observed in ICAM-1 Ϫ͞Ϫ female mice on Western-type diet, as compared with their wild-type con- Each group contained 12-14 male mice at 24 weeks of age. Mice were given a standard chow diet. White fat pad included the subcutaneous, inguinal, omental, and retroperitoneal fat pad. Brown fat pad was taken from the interscapular site. trols (Table 2) , is likely due to a difference in insulin sensitivity between the two groups.
Similar to spontaneously obese ICAM-1 Ϫ͞Ϫ mice, both male and female ICAM-1 Ϫ͞Ϫ mice on the Western-type diet had larger brown fat depots than the controls (Table 2 ). In addition, male ICAM-1 Ϫ͞Ϫ mice acquired heavier hearts than the controls (0.312 Ϯ 0.02 g vs. 0.249 Ϯ 0.02 g, P Ͻ 0.05).
Mac-1 ؊͞؊ Mice Are Susceptible to Diet-Induced Obesity. Mice deficient in Mac-1, a counterreceptor for ICAM-1, were recently generated (10), and we examined their susceptibility to diet-induced obesity. Indeed, Mac-1 Ϫ͞Ϫ mice displayed a striking similarity in weight gain (Fig. 4) with sex-matched ICAM-1 Ϫ͞Ϫ mice (Fig. 2 A) . Like ICAM-1 Ϫ͞Ϫ mice, Mac-1 Ϫ͞Ϫ mice had a significant increase in white fat (56% subcutaneous fat) and brown fat (Table 3) , while their food consumption did not differ from the controls (40-45 g every 2 weeks). The mixed background C57BL͞6 ϫ 129sv on which the Mac-1 Ϫ͞Ϫ mice exist shows variability in body weight gain as the mice age on normal chow diet; thus, we could not determine if Mac-1 Ϫ͞Ϫ mice become spontaneously obese.
DISCUSSION
Currently, there are five known mouse mutations that cause obesity: ob, db, A y , fat, and tub (14) . Although the resulting obesity varies in severity and time of onset, the mutations cause a common phenotype-i.e., a significant increase in food consumption (15) (16) (17) (18) . For example, ob mice, which demonstrate early-onset obesity, eat 62% more food than normal mice (15) , and agouti yellow mice with maturity-onset obesity consume 36% more food than controls (16) . In this study, we have shown that mice deficient in ICAM-1 develop a maturityonset obesity without an obvious increase in food intake by these animals. Considering this difference between ICAM-1 Ϫ͞Ϫ and the five known obese mutations, we expect that ICAM-1 Ϫ͞Ϫ mice will become an animal model for studying a new molecular mechanism regulating adiposity without significant modification of appetite.
ICAM-1 Ϫ͞Ϫ mice are commonly used to investigate the role of this receptor in various inflammatory models (19, 20) . The obesity phenotype of these mice may not have been previously noticed for two possible reasons. First, spontaneous weight gain begins only at about 4 months of age, and younger animals are preferred for studying inflammation (19, 20) . Second, most investigators worked with mice mutated in exon 5 (8), whereas we analyzed mice with a targeted disruption of exon 4 (9). Exon 4 encodes Ig domain 3 of ICAM-1, which is critical for binding to Mac-1 (1). It has been shown that exon 5 mutant mice still express some isoforms of ICAM-1 due to splicing of RNA with a predominant, functional exon 4-6 spliced species (21) . Production of this exon 4-6 spliced isoform would not be possible in exon 4 mutant mice. Considering this difference, it is possible that the obese phenotype observed in exon 4 targeted mice could be absent in mice mutated in exon 5.
At present, we still do not know whether the two adhesion receptors, ICAM-1 and Mac-1, act in parallel in preventing obesity, i.e, both receptors mediate leukocyte adhesion, or whether they function in their capacity as a receptor:counterreceptor pair. However, considering that both Mac-1 Ϫ͞Ϫ and ICAM-1 Ϫ͞Ϫ mice develop a phenotypically similar dietinduced obesity, we suspect that there is a link between leukocyte adhesion and fat storage. Since Mac-1 is leukocytespecific it is clear that some of the leukocyte subsets play a role in preventing obesity. How might the Mac-1͞ICAM-1 pathway(s) of leukocyte adhesion play a role in regulating body weight and adiposity? Our results indicate that it is not by modifying appetite. Therefore, leukocytes and their receptors have to be involved in the regulation of lipid metabolism and͞or energy expenditure. Leukocytes could be directly engaged in removal of excess fat from tissues and assisting in its metabolism or indirectly by signaling to adipose tissue thus maintaining the correct adipocyte number and function. Activated leukocytes are also a major source of tumor necrosis factor ␣. It is known that tumor necrosis factor ␣ levels affect adiposity (22) ; therefore, differences in tumor necrosis factor ␣ metabolism might contribute to the effects we observe. However, Xu and colleagues (9) have reported similar levels of tumor necrosis factor ␣ in the blood of both wild-type and ICAM-1-deficient mice treated with endotoxin (9) . Another hypothesis comes from a recent finding that a new mechanism regulating fatty acid oxidation in the liver involves leukocytes (23, 24) . Through transcellular metabolism, activated leukocytes or Kupffer cells were reported to act together with hepatocytes to produce the eicosanoid leukotriene B4. Eicosanoid leukotriene B4 was shown to activate the transcription factor peroxisome proliferator-activated receptor ␣ in the hepatocyte, increasing transcription of enzymes involved in fatty acid oxidation (24) . Leukocyte adhesion has been shown to promote efficient transcellular eicosanoid biosynthesis in Eight to 9 male mice in each group were fed the Western-type diet starting at 9 weeks of age; from 2 to 18 weeks, P Ͻ 0.05. A second, similar experiment was performed. Each group contained 9-10 male mice. After 6 weeks of feeding, Mac-1 Ϫ͞Ϫ mice gained 13.1 Ϯ 1.13 g and wild-type mice gained 8.68 Ϯ 1.09 g (P Ͻ 0.02). After 10 weeks of feeding, Mac-1 Ϫ͞Ϫ mice gained 20.50 Ϯ 1.20 g and wild-type mice gained 15.06 Ϯ 1.21 g (P Ͻ 0.01). 
Nine to 11 mice in each group were fed a Western-type diet for 20 weeks (in male groups) or 24 weeks (in female groups) starting at 7 weeks of age. White fat pad included the subcutaneous, inguinal, omental, and retroperitoneal fat pad. Brown fat pad was taken from the interscapular site.
other systems (25) and might therefore also play a role in the liver.
Our study identifies a previously unknown role for the leukocyte adhesion receptors ICAM-1 and Mac-1 in maintenance of normal body weight and adiposity. This function may not be restricted to these two molecules and may involve additional receptors mediating leukocyte adhesion. It will be important to examine whether, as in mice, a low expression of these leukocyte adhesion receptors is associated with obesity in humans.
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